The mass-selective manipulation of ions at elevated pressure, including mass analysis, ion isolation, or excitation, is of great interest for the development of mass spectrometry instrumentation, particularly for systems in which ion traps are employed as mass analyzers or storage devices. While experimental exploration of high-pressure mass analysis is limited by various difficulties, such as ion detection or electrical discharge at high-pressure, theoretical methods have been developed in this work to study ion/neutral collision effects within quadrupole ion traps and to explore their performance at pressures up to 1 Torr. Ion trapping, isolation, excitation, and resonance ejection were investigated over a wide pressure range. The theoretically calculated data were compared with available experimental data for pressures up to 50 mTorr, allowing the prediction of ion trap performance at pressures more than 10 times higher. (J Am Soc Mass
T he exploration of mass analysis at high-pressure using electrodynamic devices, such as rf-driven quadrupole filters and ion traps, is of great interest in the development of mass spectrometers. In ion trap mass spectrometers equipped with an atmospheric pressure ionization source, a multi-stage differential vacuum system is usually used to transfer ions from atmospheric pressure to the mass analyzer which functions under vacuum (typically a few mTorr or less) [1] [2] [3] [4] [5] [6] [7] . The achievement of mass analysis at higher pressures would allow simpler vacuum systems with fewer differential pumping stages and higher ion transfer efficiencies. Ion traps, especially 2D linear ion traps, have been widely used in hybrid instruments as the trapping devices for reactions in front of the final stage for mass analysis [8 -10] . rf-Driven ion optical components, such as the quadrupole (or "square quad"), are commonly used as ion guides over various pressure ranges [11] [12] [13] . Under appropriate operating conditions, such devices could potentially be used as linear traps or quadrupole filters to perform mass-selective operations, either alone or in tandem with other mass analyzers.
For portable instruments, the enablement of mass analysis at high pressures would have a large impact on the size and mechanical robustness of the vacuum system [14 -18] . For example, mass analysis at tens of mTorr would allow the use of drag pumps instead of turbo pumps. The recent development of the discontinuous atmospheric pressure interface (DAPI) represents a revolutionary step toward simpler, higher-pressure instrumentation. It allows a relatively low-power vacuum system to trap ions at high-pressure (100s of mTorr) under open-to-atmosphere conditions before sealing the vacuum for lower-pressure mass analysis (this at the cost of duty cycle) [19] . Despite this advance, much is still to be done toward the goal of low-power mass spectrometers. In particular, the increase of the mass analysis pressure would significantly increase the duty cycle and helps to minimize ion losses due to gas expansion [7] .
The effects of pressure on ion trap performance have been extensively studied at pressures of several mTorr or lower. The collisions between ions and buffer gas molecules in an ion trap reduce the ion kinetic energy and, hence, the trapping efficiency during ion introduction is increased [20 -24] . The cooling of the ions to the center of the trap also helps to improve mass resolution and mass accuracy by minimizing the effects due to difference in initial conditions for the mass selective instability scan [8, 25, 26] . The fragmentation of the ions for tandem mass spectrometry also relies on their collisions with the buffer gas molecules, which can cause increased ion internal energies and lead to subsequent fragmentation [27] [28] [29] [30] [31] . For each of these steps, dedicated experimental conditions are used to reach a balance between providing adequate collision energies and minimally interfering with intentionally stable ion trajectories. Helium is most commonly used as the buffer gas [22] , with a pressure of several mTorr, although nitrogen and air have been used as buffer gases for linear ion traps [16, 32, 33] . An experimental exploration of ion trap operation at pressures higher than a few mTorr has been done and was recently reported in a separate manuscript [34] . Here, we use theoretical methods to study the fundamental role of pressure in ion trap mass analysis and to predict the potential of performing mass analysis at pressures much higher than those currently used.
The theoretical studies to characterize ion trap operations as a function of pressure have been carried out using simulation and/or theoretical modeling. In simulations, hypothetical scenarios are created in which trapped ions experience realistic features of an ion trap electrical field and operating conditions, which are close to experiments [4, 5, [35] [36] [37] [38] [39] [40] [41] . Discrete ion-molecule collision [4, 39, 41] and space charge effects [35, 36] are included in the simulation settings. The simulation approach is especially powerful for system optimization and fine feature tuning. On the other hand, theoretical modeling provides relatively general and better understandings of the fundamental mechanisms behind phenomena [23, [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . Ion motion in the presence of buffer gas has been investigated theoretically by solving the ion motion differential equation with the background buffer gas treated as a damping term [53] . In the pressure regions below several mTorr, discrete ionmolecule collision models [4, 41, 49] are preferred. However, damping term treatments for pressure effects have been shown to be effective at relatively high pressures for characterizing ion trap performance, including mass resolution [45, 55] , the stability diagram [47] , and ion nonlinear resonance phenomena [46, 56] .
In this study, with the focus on ion trajectories at pressures much higher than several mTorr, the methods were developed based on the ion motion differential equation expressed with the pseudo-potential well approximation [51] and a damping term [53] as a representation of the buffer gas pressure. Aspects of ion trap performance at high pressures, such as ion trapping efficiency, ion isolation efficiency, and mass resolution during resonance ion ejection, have been investigated using the theoretical models. Consequently, a better understanding of ion-molecule collision effects during various ion trap operations was gained and predictions of the ion trap's performances at high pressures have been made.
Modeling Method
The ion motion differential equation was solved for high pressures and optimized AC resonance ejection conditions by following the treatments previously demonstrated by Major and Dehmelt [51] , Goeringer et al. [45] , and Arnold et al. [55] . Ion trajectory envelopes were calculated from the solution of the ion motion equation with the ion cloud initial condition treated as a random variable with Gaussian distribution. This theoretical model provides fundamental insights into the effects of the ion trap's AC resonance ejection optimization, the rf sweeping speed and frequency, the ion trap dimensions, the buffer gas pressure and the random nature of the initial ion conditions during trapping, ejection and isolation. The model accuracy was confirmed by comparison with experimental data [34] over the pressure range of several to 50 mTorr using air as the buffer gas. On this basis, predictions were made for ion trap performance at higher pressures, where the experimental setup was limited by the potential electrical discharge and poor lifetime of the electron multiplier detector at high pressures. This model is expected to provide valid predictions for ion motion in a rf field for pressures up to 1 Torr. A more detailed discussion is provided below after the method is presented.
A 2D linear ion trap with center-to-electrode distances (x 0 and y 0 ) of 5 mm and a length (z 0 ) of 40 mm was used as a model for the calculation. High order fields were not considered since the effects due to collisions were expected to be much more significant than those due to high order fields when an ion trap is operated at a pressure much higher than 1 mTorr. An rf frequency of 1.1 MHz was used in the calculation.
Ion Trapping
Ion trapping is the first step of ion trap mass analysis. The analyte ions are either generated inside the ion trap or externally generated followed by injection into the ion trap with a certain kinetic energy, normally a few electron volts [26] . In a 2D ion trap, the trapping potential well along the long trap axis (commonly known as the z coordinate) is a DC potential well when balanced dipolar rf is applied between the rf electrode pairs. During injection, ions along the trap axis experience collisions with buffer gas molecules, lose kinetic energy, and are subsequently trapped by the z-axis DC potential well in addition to the rf pseudo-potential well in the x-y plane.
The collision effect due to the ion-molecule collisions can be estimated using Langevin's collision theory [41, 49] and an elastic collision model. Based on Langevin collision theory, the mean free path of an ion in a buffer gas with electron polarization (␣ e ) and pressure (P) is [41, 49] 
where is the reduced mass of the ion/neutral pair, 0 is the permittivity of air, v is the speed of the ion, R is the universal gas constant, T is the temperature of the system, and N A is the Avogadro constant. Based on the elastic collision model, the kinetic energy loss ratio of the ion for each collision can be estimated as [57] ␥ ϭ Ke'
where Ke and Ke= are the ion kinetic energy before and after the collision, m is the mass of the ion and m b is the mass of the buffer gas molecule. Note that the buffer gas temperature is relatively low so that the buffer gas thermal velocity is much lower than the ion velocity hence buffer gas velocity can be ignored in this expression. When ions are injected axially into a 2D ion trap operated with balanced rf and static voltages on its end electrodes, at least one ion-molecule collision is required to trap each ion. A method of reflecting the ions using higher voltage applied on the back end electrode was previously used to double the length of the ion path inside a trap [58] . As the ion kinetic energies are collisionally damped and their distribution becomes narrower, a greater abundance of the ions can be trapped by the z-axis DC potential well. For an ion with an initial kinetic energy (KE) E 0 (corresponding to a velocity of v 0 ) entering an ion trap with a pressure of P, the mean free path can be calculated using eq 1. A collision is assumed after the ion travels a distance of the mean free path and the kinetic energy loss can be calculated using eq 2. A new mean free path can then be calculated with the reduced speed v and used for the calculation of further kinetic energy lost in subsequent collisions. Such a method was used to calculate the kinetic energy loss at various pressures for ions traveling along the axis of a 2D ion trap in a reflection mode [58] where a large DC voltage is applied to the back end electrode (travel path ϭ 2z 0 ϭ 80 mm). Figure 1a shows the KE losses for ions with initial KEs of 10, 30, and 50 eV at in-trap pressures of up to 50 mTorr. It is clearly shown that high pressures can help to efficiently damp the axial KEs of the injected ions, including those with higher initial KE in addition to populations with wider KE distributions.
For 2D ion traps, the collision effects on ion trapping in the x and y dimensions are significantly different from that for the z dimension, since an rf field, instead of a DC field, is used to confine the ions in the x-y plane. It is acknowledged that one of the main advantages for the 2D ion trap, if operated with balanced oppositephase rf, is the high efficiency of trapping externally injected ions, due to the injection being orthogonal to the rf field in the x-y plane; hence, the result of such injections is a small initial KE in the x or y directions. However, the fringing field at the ends the ion trap could cause ion KE in the x-y plane to increase significantly for an ion beam not perfectly of focused and collimated. For simpler versions of 2D ion trap mass spectrometers with a single-phase rf, the KE of the ions in the x-y plane is expected to become significantly higher after entering the ion trap axially. The estimation of the trapping capability of the rf field in the x-y plane needs to be made based on both pseudo potential well depth and collision effects. The collisions between the ions and molecules modify the ion kinetic energy and also randomize the ion motion directions; both processes have effects on the trapping efficiency. In this work, the maximum allowable ion kinetic energy in the x-y plane was calculated for ions that can be trapped with an rf field at a given pressure. This can be used for characterizing the trapping capability of a 2D ion trap operated at a variety of pressures.
Using the pseudo potential approximation, [1, 50, 51, 59] the rf pseudo potential well depth for the rf trapping field in the x-y plane of a 2D ion trap, at the absence of collisions with buffer gas, can be expressed by eq 3:
where ⍀ is the rf frequency, q u (u denoting x or y) is a Mathieu equation stability parameter [1, 59] , u 0 is the ion trap dimension (from the z-axis to the x or y electrodes), m is ion mass, z is the number of elemen- tary charges on the ion, and e is the elementary charge (1.6 ϫ 10 -19 C). This model is expected to be valid at q u lower than 0.7 [59] and relatively more accurate (Ͻ1%) results can be obtained with q u lower than 0.4 [20] . The maximum allowable KE (D t ) in the x-y plane for ions that can be trapped is determined by considering the combined effects of rf trapping and collisional damping. The formula for D t is shown in eq 4 (see Supplementary Material, which can be found in the electronic version of this article, for details):
The maximum allowable KE (D t ) in the x-y plane of a 2D ion trap operated at a given pressure and rf amplitude was calculated for ion m/z 195.1 at different helium buffer gas pressures in a 2D linear ion trap with x 0 ϭ y 0 ϭ 5 mm, as shown in Figure 1b . An rf frequency of 1.1 MHz with an amplitude corresponding to q u ϭ 0.4 for m/z 195.1, was used for the calculation. D t is shown to increase by 26% as the pressure increases from 1 mTorr to 250 mTorr. D t was also calculated for ions over a mass range of up to m/z 2000 at helium pressures of 4, 50 and 250 mTorr with the same rf applied ( Figure 1c ). As expected, D t for large m/z ions is much shallower in comparison to ions of small m/z due to the relatively lower q u values for the larger ions at the same rf voltage. The ion-neutral collisions can help to cool the ions, but using a higher rf amplitude to trap ions at a higher q u value generally has a more significant effect in improving the trapping efficiency. The estimation based on eq 4 is expected to be valid when the buffer gas damping force is much smaller than the rf trapping force. As discussed later in this paper (also see Supplementary Material for calculation details), under the given ion trap dimensions and rf parameters, these estimations will become invalid when the pressure is higher than 1 Torr.
Ions contained in an ion trap by the rf pseudopotential barrier will be concentrated toward the center region of the trap due to the damping effect of multiple collisions with buffer gas. However, the space charge effect, caused by the repulsion between same-polarity charged particles, results in the formation of an ion cloud with Gaussian distribution [60 -63] . The improvement to the trapping well depth with increasing pressure is expected to enlarge the trapping capacity; however, the use of a 2D ion trap instead of a 3D ion trap seems to have a more significant effect. The ion cloud in a 2D ion trap has a cylindrical shape [64] , while an ellipsoidally-shaped ion cloud occupies a 3D ion trap. A 40-times improvement in trapping capacity has been reported for a comparison between a 40 mm long 2D rectilinear ion trap (x 0 ϭ 5 mm, y 0 ϭ 4 mm) and a 3D cylindrical ion trap (r 0 ϭ z 0 ϭ 5 mm) [64] .
Helium gas is typically used in commercial ion trap mass spectrometers as a buffer gas while recently heavier gases such as N 2 and air have also been used for linear ion traps [16, 32, 65] . It is highly preferable to use air as the buffer gas for portable instruments since no special gas supply is needed for field operations [66] .
Helium and air have similar effects on ion cooling but a degradation of resolution has been observed with air, which can be improved by using nonlinear resonance ejection [32, 67] . Since air is mainly comprised of nitrogen (78%; 14.007 u) and oxygen (21%; 15.999 u), the kinetic energy loss of ions during collisions (eq 4) is expected to be bigger for air than for helium (4.003 u). For example, the kinetic energy loss ratio ␥ for ions of m/z 195.1 is 0.96 with helium but ϳ0.75 with air as the buffer gas. For heavier ions, the difference in the energy loss ratio between helium and air is much smaller due to the larger differences between the mass of the ion and the mass of the buffer gasses. For example, the kinetic energy loss ratio ␥ for m/z 2000 is ϳ0.996 with helium as compared to ϳ0.972 with air as the buffer gas.
Ion Resonance Ejection
The mass analysis of ions trapped in an ion trap is most commonly done with a mass-selective instability scan, with which the rf amplitude is scanned linearly to cause the secular frequency of ions to increase until they become unstable [21] . A dipolar AC is usually applied to facilitate resonance ejection, which helps to significantly improve the ejection efficiency and the mass resolution [68, 69] . It is known that the optimal amplitude of the AC varies with changes of pressure, massto-charge ratio (m/z), and AC frequency [34, 64] . Though the general behavior of ions under dipolar AC excitation has been characterized previously with experiments [68] , simulations [41] , and calculations [45, 55] , in this study modeling has been done to further understand the fundamental basis for the optimal conditions as well as to predict the resulted spectral qualities at these conditions.
Ion Pseudo-Motion with AC Dipolar Excitation and Collision Effects
Without considering the high order field effects, the motion of an ion trapped at q u Ͻ 0.7 can be approximated as a harmonic oscillator (also known as pseudo motion approximation [1] ) with secular frequency 0 ,
With the presence of an AC dipolar excitation and ion-molecule collisions (modeled approximately by using the damping term), ion pseudo motion can be expressed using the time-dependent differential equation [45-47, 55, 56, 70] 
where s is the frequency of applied AC signal and f ϭ (U ac /2u 0 )(e/m) with U ac as the amplitude of the applied AC. The value of the damping factor c can be calculated based on Langevin collision theory [41, 49] with a hard sphere collision model (see Supplementary Material for details) . The damping factor c and the secular frequency 0 can be used as the measures for the comparison between the buffer gas damping and pseudo-potential trapping force (see Supplementary Material for details). At an air buffer gas pressure of 1 Torr, the 0 value is about 10 times the c value for ion of m/z 200 (ϳ1.88 ϫ 10 6 ). With consideration of the linear sweeping of the secular frequency during the mass-selective instability scan, eq 6 becomes
where a is the ion secular frequency sweeping speed [45] , and Arnold et al. [55] , the motion of a fast u(t) oscillation can be expressed with the applied AC frequency ( s ) and the slow varying motion (U(t)) as shown by following,
Here, a linear approximation is used for the nonlinear differential equation; the linear approximation has been demonstrated to be effective for characterizing the envelope amplitude of the ion motion [45, 55] . By substituting eq 8 into eq 7 and ignoring the secondorder derivative of U(t) (because U(t) is a slow varying function with respect to time), eq 9 is obtained as
Solving eq 9 near resonance ( s -0 Ͻ Ͻ s , so that atϽ Ͻ s ) and ignoring the higher order terms of at, the envelope amplitude U(t) of the ion motion is expressed as
where Erf is the complex error function and U(0) is the initial location of an ion at time zero. Using eq 10, the amplitude of ion secular motion can be calculated for ions during an rf voltage scan. The ion motion amplitudes for ion m/z 195.1 were calculated at pressures of 4.1, 18.6, and 48.3 mTorr (c values of 1957, 8878, and 23,054, respectively) and plotted as functions of the corresponding secular frequency (Figure 2a ). An rf scan speed of 2797 Da/s and an AC signal of 294 kHz and 2 V 0 -p were used.
Dipolar AC Resonance Ejection Optimization
During a resonance excitation using a dipolar AC signal, the ion motion changes with the rf scan from an equilibrium state to an excited-state and then back to equilibrium state. As shown in Figure 2a , the corresponding frequency of the highest ion motion amplitude is not necessarily the same as the AC excitation frequency. At the same AC frequency and voltage, lower ion motion amplitudes were observed at higher pressures. When the ion motion amplitude is equal to or larger than the ion trap dimensions, the ions are considered to be ejected. A large number (Ͼ5000) of initial ion positions with a Gaussian distribution (with a mean ϭ 0, corresponding to the center of the x-y plane) were used and the corresponding ion ejection times were calculated to produce simulated mass spectra (Figure 2b ; see Supplementary Material for detailed description). At a pressure of 4.1 mTorr, both a shift of the spectral peaks and a change of the peak widths were observed to occur when the AC voltage was varied. Hence, the frequency and the voltage of the dipolar AC need to be optimized to give the best mass resolution [34, 64] .
The following approach was taken to understand the optimal conditions for resonance ejection. Eq 10 can be simplified as
͙ 2A ͪͬ for simplification. A peak's width in a mass spectrum is due to the differences of the initial ion positions. Therefore, the ejection times of two ions (t 1 and t 2 ) with the same m/z value but different initial positions [U=(0) and UЉ(0)] from an ion trap (with dimension u 0 ) can be calculated as
The difference between the ejection times of these two ions is then
Assuming that the ejection time difference is small, the ejection time difference is thus proportional to the slope of the function g Ϫ1 (U).
To obtain the highest resolution, all the ions of the same m/z value must eject within a time period which is as narrow as possible. According to eq 14, the minimal ejection time difference is obtained at a minimum value of d dU g Ϫ1 ͑U͒, which corresponds to a maximum value of d dt g͑t͒; physically, this minimization of the distribution of ejection times occurs when the ions are ejected at the point where the ion motion amplitude (g(t)) increases at the highest rate during the dipolar excitation. The initial positions of the ions at the beginning of the rf scan with AC excitation can be described using Gaussian distributions with a mean of 0 corresponding to the center of the x-y plan of a 2D ion trap. Different standard deviations (std) of the Gaussian distribution can be used to describe the different sizes of the ion clouds. For each specific case with a unique set of initial ion positions at a given pressure, the spectral peak width can be calculated for each of the excitation AC amplitudes using the method described above. The full widths at half maximum (FWHM) calculated at 4.1 Torr for ions of m/z 195.1 with different initial ion cloud sizes (std ϭ 0.15x 0 , 0.237x 0 , and 0.3x 0 ) are plotted in Figure  3a . The optimization curves are similar to what was observed with the optimization of the AC excitation during experiments [34] . Though the resolution for resonance ejection became worse as the initial ion position distribution was widened, the optimized resonance AC voltages, corresponding to the minimum FWHM of each curve, were found to be the same at a given pressure. In all, the FWHMs were calculated for optimizing the resonance AC amplitude at pressures from 4.1 to 250 mTorr. The optimization curves for pressures of 4.1, 18.6, and 48.3 mTorr are plotted in Figure 3b . It was observed that the minimum peak width increases at higher pressures, and higher AC amplitudes are required to obtain the best resolution at higher pressures. The optimal AC voltages required for obtaining the best mass resolution for m/z 195.1 were found from the optimization curves and plotted as a function of pressure, as shown in Figure 3c . The data obtained from experimental characterization [34] for pressures of up to 48.3 mTorr are also plotted in Figure  3c . Clearly, the experimental and calculated results match well for this pressure range.
Mass Resolution at High Pressures
Attempts have been made to predict the mass resolution (FWHM) for ion traps operated at high pressures with optimized AC resonance ejection using the method described above (eq 10). To use the experimental data to validate the calculated data for prediction, the operating conditions used for the experimental characterization were estimated and used in the calculation. The ion cloud expansion under equilibrium (U(0)) used in the calculation was adjusted by matching the calculated and experimentally obtained FWHM at a pressure of 4.1 mTorr for m/z 195.1. The estimated ion cloud expansion (the radius of the ion cloud cylinder in a 2D trap) is about 0.237ϫ u 0 , which is about 1.185 mm for a 2D trap with x 0 ϭ y 0 ϭ 5 mm. Using this estimated ion cloud expansion, the mass resolution for m/z 195.1 was calculated over a pressure range of 4.1 to 250 mTorr (Figure Figure  4b ). On this basis, a mass resolution better than m/z 9.5 (FWHM) is predicted for pressures below 250 mTorr with optimized resonance ejection.
Ion Isolation
Mass-selective ion isolation is a critical step in tandem mass spectrometry (MS/MS). A variety of different methods have been developed for ion isolation in ion traps [1, 71] , with the notched SWIFT (stored waveform inverse Fourier transform) method [11, 34, 72] being the most commonly used today. Unlike dipolar AC ejection in an ion trap, SWIFT excites and ejects unwanted ions via a broadband waveform; the targeted ions are retained if their secular frequencies are within the notches of the waveform. The efficiency of ion isolation is measured by the percentage of the targeted ions that can be isolated with a given m/z window [64, 65, 73] . Ideally, ions with the same m/z have the same secular frequency (a ⌬ function in the frequency spectrum), and a 100% isolation efficiency can be achieved with an ultra narrow notch in the isolation waveform. However, secular frequency distribution of ions at the same m/z can be broadened as a result of ion-molecule collisions, space charge, and imperfect electric filed, etc [44, 45, 64, 67] ; hence, the ions nominally placed in the notch of the isolation waveform may also be excited. Therefore, it is common practice to broaden the notches so that a majority (or all) of the targeted ions are not ejected (i.e., high isolation efficiency may require poor isolation resolution).
Physically, the isolation efficiency is highly dependent on the distribution of the response (ion motion amplitude) of the ions within a secular frequency range at the vicinity of the frequency s of an excitation AC signal. The response distribution of the targeted ions can be experimentally characterized using methods previously described [61, 62] . In these methods, a dipolar excitation AC is applied and the response of the ion motion amplitude is measured indirectly while the rf voltage is set to a value corresponding to a secular frequency of the targeted ions.
Based on the theoretical method developed here, the pressure effects on the excitation response distribution can also be estimated. During an ion isolation process, the ion secular frequency remains constant, so the ion secular frequency sweeping speed a in eqs 7 and 9 should be set to zero. Following a derivation procedure similar to eq 10 (see Supplementary Material for details), the ion motion amplitude at a secular frequency 0 in response to dipolar excitation at s can be calculated by
where K 0 is determined by the ion initial condition and is equal to Ϫf/M if the ion is cooled to the center of the trap before AC excitation is applied. It has been previously shown that ion motion in response to an off-resonance dipolar AC excitation becomes stable within 5 ms when the pressure is above 1 mTorr [11] . In this study, the ion motion amplitude U(t) was calculated for each AC excitation at a given pressure from time 0 to 5 ms (with 1000 steps) and the highest amplitude was recorded as the excitation response, which determines if the ions are ejected or not. Figure 5a shows the excitation response distributions for m/z 195.1 at 4.1, 18.6, and 48.3 mTorr with a dipolar excitation of 1 V 0 -p at frequency s ϭ 303 kHz. The excitation responses were first calculated using eq 15 for each of the ion secular frequencies (determined by the rf voltage) at different pressures and then normalized by the highest value. The response distribution, which also represents the secular frequency spread of the ions, is significantly broadened at higher pressures due to intensive ion-molecule collisions. For isolation using a notched waveform, it is desirable for the target ions with secular frequencies within the notch to have minimum excitation response for frequencies at (or near) the notch periphery; however, such unwanted resonance is more likely at higher pressures due to broader secular frequency distributions. As such, for high-pressure isolation, it may be difficult to achieve high efficiency SWIFT isolation with narrow isolation windows.
At a given pressure, the isolation efficiency for ions with a nominal secular frequency centered in an isolation window can be calculated by integrating the number of the ions from the secular frequency distribution which reside within the isolation window. The minimum notch widths for isolating ions of m/z 195.1 (at 0 ϭ 303 kHz) at a percentage of 95.4%, 84.3%, and 52.1% were calculated over a pressure range of 1 to 250 mTorr ( Figure  5b ). Since the rf field in the x-y plane of a 2D ion trap is identical to that of a mass filter, the isolation window width ⌬(m/z) can be calculated from ⌬ 0 using the following equations (see Supplementary Material for additional information) [20, 71, 74] :
where
As expected, the required isolation window width is much wider to achieve a higher isolation percentage at higher pressure. An isolation window of about ⌬(m/z) ϭ 8 allows 52.1% of the ions at m/z 195.1 ( 0 ϭ 303 kHz) to be isolated at 250 mTorr. The m/z dependence of the minimum isolation window width for a given isolation percentage has also been studied. The minimum isolation window required for isolating m/z 195.1 at a targeted isolation efficiency (for example, 84.3%) at a specific pressure can be easily obtained based on the data shown in Figure 5b . This procedure was performed for other ions, within a mass range up to m/z 2000 and with a targeted isolation efficiency of 84.3%, at pressures of 1, 10, 20, and 50 mTorr. The minimum isolation windows are plotted as a function of the m/z value for each of the pressures (Figure 5c ). At low buffer gas pressure, broader isolation windows are required for high-m/z ions to achieve the same isolation efficiency as that of low-m/z ions. As the pressure increases, this m/z effect becomes less apparent. At a pressure near 50 mTorr, the same isolation window can be used for ions over the tested mass range to achieve similar isolation efficiencies, that is, the collision effect on ion isolation efficiency becomes overwhelming. Mathematically, the isolation window width is a complex function of the mass-to-charge ratio and the damping term c, which is indirectly represented by the term ⌬ 0 in eq 16. At high-pressure, based on the hard sphere collision model, collisions have less effect on the motion of heavier ions. For example, the value of the damping term c at 50 mTorr is 23,893 for ion m/z 195.1 but 2350 for ion m/z 2000; the increasing trend in the ion isolation window as a function of m/z is compensated by the decreasing trend in the damping term due to the collision effect.
Conclusions
In this study, an attempt has been made to use theoretical models to better understand the collision effects in ion trap mass analysis and to predict trap performance at pressures higher than that which can currently be characterized experimentally. The theoretical method used here is expected to be valid for buffer gas pressures as high as 1 Torr. For the Langevin collision theory used in the method, the ion-molecule collision probability is calculated based on the assumption that the interacting ion-molecule pair is isolated from other molecules; in other words, the distance between gasphase particles is larger than the collision cross section diameter for ion-molecule collisions. At 1 Torr, based on the ideal gas law for a model system with air molecules and ions of m/z 200 with 1 eV kinetic energy, the distance between the molecules is about 40 times the ion-molecule collision cross section diameter.
In practice, it is reasonable to expect an ion trap to perform mass-selective operations at several hundred mTorr, though at relatively poor resolution. When an ion trap or other rf-driven device operates at highpressure, its analytical effectiveness is dependent on an appropriate balance between the effects of the electric field and ion-neutral collisions. For a 2D ion trap of u 0 ϭ 5 mm operating with 1.1 MHz rf at 1 Torr, the force due to the electric field on ions of m/z 200 with a nominal secular frequency of 300 kHz is about 10 times the force due to collisions with air buffer. The effectiveness of ion confinement and focusing by an rf field has been demonstrated by ion funnels working at 1 Torr [75] . The rf force under the above conditions will no longer dominate the ion motion when the pressure becomes higher than 1 Torr.
